(20 controls and 26 COPD patients) and MOs (16 controls and 22 COPD patients) were confirmed and validated by realtime quantitative polymerase chain reaction. Results: We have identified gene sets specifically associated with COPD in AMs and MOs. There were overlapping genes between the two cell types. Our data also show that COPD-specific gene expression signatures in AMs and MOs correlate with percent of predicted FEV 1 . Conclusion: Disease-specific and overlapping gene expression signatures can be defined in lung-derived macrophages and also in circulating monocytes. Some of the validated expression changes in both cell types correlate with lung function and therefore could serve as biomarkers of disease progression.
Introduction
Chronic obstructive pulmonary disease (COPD), characterized by slowly progressing and mostly irreversible development of airflow limitation, is an increasing global health problem, which is predicted to become the third most common cause of death and the fifth most common cause of disability in the world by 2020 [1] . It is accompanied by small-airway obstruction and loss of lung elasticity. The molecular mechanisms leading to the development and progression of the disease are poorly understood; consequently, effective treatment is not yet available. There are several risk factors for COPD, such as life and work circumstances, environmental pollution and aging, but the main cause is cigarette smoking. Only 15-20% of smokers develop COPD, suggesting that differential responsiveness to cigarette smoking is likely to be an important factor in its pathogenesis [2] .
Clinically, COPD is characterized by inflammation of the epithelium of the small airways, and it most commonly occurs in patients with chronic bronchitis or emphysema [3] , which is defined as enlargement of the distal airspaces and mucus hypersecretion [1, 4, 5] . The most accepted theory of the pathogenesis of COPD is that cigarette smoke and other irritants induce inflammation in the lung causing an inflammatory response that leads to the destruction of lung tissue. It is initiated by activation of epithelial cells of the lung and abnormal migration of various inflammatory cells [6] [7] [8] .
Beside neutrophils [9] and lung-specific dendritic cells [10] , alveolar macrophages (AMs) are believed to be one of the most important cells in the pathogenesis of COPD. They play a major role in maintaining and controlling the inflammatory process in COPD. The number of macrophages is markedly increased in the lung parenchyma and alveolar space of smokers and diseased patients [11, 12] . There is also a higher rate of monocyte (MO) recruitment from the peripheral blood [13] . Importantly, oxidative stress and cigarette smoke activate macrophages that produce various factors and inflammatory agents such as IL-8, leukotriene B 4 and GRO-␣ , which can contribute to neutrophil and T-cell activation as well as airway obstruction [14, 15] . It seems that MO-derived AMs have a central role in controlling and maintaining the inflammatory process by producing pro-inflammatory factors [7, 16] .
Previous studies have already examined global gene expression patterns of COPD or the smoking effect on monocyte-derived macrophages of COPD patients [17] . Total lung tissue from patients with severe emphysema [18, 19] and smokers [20] was examined using microarray techniques, and sets of genes were identified to discriminate healthy from diseased tissue. Lung epithelial cells and AMs were also examined to determine which genes show differential expression between COPD and control patients [21] [22] [23] [24] [25] .
The objectives of our study were (1) to expand and validate the list of genes associated with smoking-induced COPD in AMs; (2) to find and validate potential biomarkers in peripheral blood MOs that reflect COPD-specific gene expression patterns identified in AMs, and (3) to correlate gene expression patterns with disease parameters.
Such an approach may provide insights into the pathogenesis and progression of COPD, and may also identify potential peripheral biomarkers.
Materials and Methods

Patient Recruitment
The Research Ethics Committee of the University of Debrecen Medical and Health Science Center approved the clinical protocol and the study. All healthy and diseased individuals participating in this study were recruited from Eastern Hungary (Caucasians), and all patients provided written informed consent.
Inclusion and exclusion criteria were defined before obtaining samples from COPD patients and healthy controls. All subjects were between 40 and 65 years old. In COPD patients, percent of predicted FEV 1 (FEV 1 %) was ! 80% and FEV 1 to percent of predicted FVC (FVC%) was ! 70%; in control patients, FEV 1 % was 6 80% and FEV 1 /FVC% was 6 70%. Online supplementary material (www.karger.com/doi/10.1159/000324297) is provided for additional information.
AM and Peripheral Blood MO Collection
Bronchoalveolar lavage fluid (BALF) was sampled during fiberoptic bronchoscopy. AMs were separated by Percoll (Amersham Biosciences) gradient centrifugation. Total cell numbers were determined using a hemocytometer. Differential cell counts were assessed on hematoxylin-eosin-stained cytospin slides before and after the gradient separation. Over 95% AM purity was reached after separation [26] [27] [28] . The range, mean and SD were 95-98 and 96.6 8 1.3% in AM; 0.5-4 and 1.7 8 1% in lymphocytes, and 1-2.4 and 0.8 8 0.6% in neutrophils, respectively.
Heparin-treated venous blood (50 ml) was collected from healthy controls and patients, respectively. MOs were separated by a two-step procedure: first peripheral blood MOs were separated by Ficoll gradient centrifugation, and then MOs were separated by positive selection using anti-CD14-conjugated microbeads ( 1 98% MOs; VarioMACS, Miltenyi Biotec). Details are described in the online supplementary material.
RNA and Microarray Processing
Total RNA was extracted from AMs and peripheral blood MOs using the RNeasy Mini Kit (Qiagen). RNA integrity was checked on Agilent Bioanalyser 2100 (Agilent Technologies), and NanoDrop ND-1000 was used to determine the concentration. Affymetrix HG-U133A arrays (Affymetrix) containing 22,283 probe sets were used to perform gene expression analysis.
Complementary DNA (cDNA) was generated from 5 g of total RNA, using the SuperScript choice system (Invitrogen).
Biotin-labeled cRNA was synthesized using the BioArray TM HighYield TM RNA Transcript Labeling Kit (T7) (ENZO Life Sciences), and 20 g of labeled cRNA samples were hybridized and scanned by EMBL Genomics Core Facility. BALF samples were hybridized separately, but in the case of MOs RNA was mixed from 5 controls and 5 COPD patients, respectively.
Microarray Data Analysis
AM and MO microarrays were analyzed in separate experiments using GeneSpring 7.3 software (Agilent Technologies). Affymetrix data files were directly imported into GeneSpring using the GCRMA algorithm, and median normalization was performed. First, we determined the list of genes that showed a ratio of change in gene expression of at least 8 1.5-fold compared to the median of each sample. Then, based on this list we performed separate statistical analyses (Mann-Whitney non-parametric test) for each gene to identify differentially expressed genes over the probability level p ! 0.05. We are aware of the cumulative effect of type I errors in such multiple situations; therefore, these tests served the purpose of selecting genes for further study rather than formal tests of significance. Microarray data were submitted to Gene Expression Omnibus (GEO), accession number GSE16972.
TaqMan mRNA Analysis by Real-Time Quantitative Polymerase Chain Reaction
In order to confirm the results of the microarray analysis, we used TaqMan Low Density Arrays (TLDAs), a real-time quantitative polymerase chain reaction (RT-qPCR) platform, and individual gene expression assays (Applied Biosystems). Probes and primers were taken from the Roche Universal Probe Library system (Roche) in order to confirm the expression of common genes in AMs and MOs. Reactions were run in the ABI Prism HT 7900 machine. Relative gene expression levels were calculated by ⌬ ⌬ Ct method with GAPDH as the internal control. Statistical analysis was performed by GraphPad Prism software. A non-parametric test (Mann-Whitney U test) was used to identify significant differences between the control and COPD groups for each gene for the above-described purposes. Statistical significance was defined as p ! 0.05. Pearson correlation coefficients were calculated between gene expression data and FEV 1 % values.
Canonical Variate Analysis
Separation between predefined groups of objects is best revealed by canonical variate analysis (CVA). It is used to determine whether the groups of controls and COPD patients are separable in the multidimensional space spanned by the genetic variables, and if so, which gene subsets have the best discriminatory power. The results of CVA are the so-called canonical scores obtained from the canonical functions derived through eigenanalysis, which serve as coordinates of observations in the canonical space. Details about CVA are included in the online supplementary material. 
Results
Exploratory Microarray Analyses of AMs in BALF
AMs were collected from 5 controls and 5 COPD patients, with all of them being smokers. COPD patients were in stage 2-3 according to the Global Initiative for Chronic Obstructive Lung Disease. The control and COPD groups were homogenous regarding age and smoking habits, but differed in lung function parameters ( table 1 ) .
AMs of 5 control and 5 COPD patients were subjected to global gene expression analysis using microarrays. This analysis resulted in a list of 671 probe sets representing 389 annotated genes, which showed significant correlation with the disease. Hierarchical cluster analysis of these 671 probe sets separated healthy controls from COPD patients (online suppl. fig. 1 ). Our COPD-specific expression signature included genes that have previously been associated with COPD, such as CYP1B1 and PLA2G7 [21, 23] , as well as CCL2, IL-8, IL-1 ␤ and SPP1, which have been ascribed an involvement in immune responses and cell migration, or the stimulation of airway epithelial cells [14, 18, 20] . This validated both the patient cohort and our approach, and suggested that our novel findings can complement already existing markers and link additional genes and pathways to COPD.
Novel Candidate Genes Identified by RT-qPCR in AMs in BALF
In order to confirm and validate our microarray results, the gene expression levels of 96 selected genes were measured in the BALF samples of a new cohort of 46 patients including 26 COPD patients and 20 healthy controls. All individuals were active smokers or ex-smokers in the validation set ( table 1 ) .
TLDA was used to determine COPD-associated genes in AMs separated from BALF. They contained 96 genes, including 4 housekeeping genes, 23 candidate genes obtained from the literature [18, 22, 23] and 69 genes chosen from our exploratory microarray experiment. The list of 69 genes was created by filtering the 671 probe sets that correlated significantly with the disease in the exploratory microarray experiment by 8 1.7-fold change compared to the median of all samples and removing multiple probe sets, expressed sequence tags and genes with raw values ! 50 ( fig. 1 ) .
Twenty-four genes showed significantly different expression patterns between controls and COPD patients. Twenty-three genes changed in the same direction both on the microarrays and in the RT-qPCR experiment Experimental design and microarray data analysis. AMs were collected from healthy controls and COPD patients using fiberoptic bronchoscopy. After RNA isolation, samples were hybridized to Affymetrix HG-U133A GeneChips. Microarray data were analyzed using GeneSpring 7.3 software. 22 ,283 probe sets were tested by filter on expression level option, 671 probe sets showed significant differences, of which 168 probe sets showed at least 1.7-fold changes between controls and COPD patients. Multiple probe sets expressed sequence tags and genes with raw values ! 50 were removed resulting in a list of 69 genes; 96 genes, including these 69 genes, were analyzed on TLDAs; 24 of them showed significant differences, and 23 were validated. EST = Expressed sequence tags.
( fig. 2 ). Five genes previously reported in other microarray studies (IL-8, CDKN1A, FOS, PLA2G7 and SPP1) [18, [21] [22] [23] 29] were confirmed in this experiment. We also found genes with already established roles in inflammatory processes of the lung, including ADORA2B, FN1 and TGF-␣ [30] [31] [32] [33] [34] . Thirteen novel genes were found to be related to inflammatory processes of COPD. These belong to the functional categories immune responses (CCR1 and TREM2), apoptosis (GADD45A, PHLDA1 and PHLDA2) and signal transduction (EMR3, GDF15, FPRL2 and HOMER3), suggesting that these functions are affected by the disease, while IGSF6, PAPSS2, PLEKHB1 and SLC2A3 were unclassified ( fig. 3 a-d) .
We performed an independent statistical approach (CVA) using these 23 validated genes in order to test whether this gene set can indeed separate COPD patients from controls ( fig. 3 e) . Canonical correlation for this gene set was 0.8 ( 2 = 34.25, d.f. = 20, significant at p = 0.05, Wilks' = 0.365), which suggests that such a set can differentiate between controls and COPD patients.
Identifying COPD-Specific Gene Expression Signatures in Peripheral Blood MOs
Next we decided to address our attention to peripheral MOs and compare changes in their expression between COPD and control samples. MOs were separated from peripheral blood samples that were collected simultaneously and pooled separately from 5 controls and also from 5 COPD patients following RNA isolation. Microarray analysis was performed on this new sample set, and results revealed a list of 555 probe sets with 356 annotated genes that showed at least 1.5-fold change differences between COPD patients and controls in peripheral blood MOs. We compared that list to the AM microarray result, resulting in a list of 54 probe sets representing 35 annotated genes ( fig. 4 a) .
We sought to validate genes commonly expressed in AMs and peripheral blood MOs by measuring the expression levels of these 35 genes using RT-qPCR.
In a new cohort consisting of 22 COPD patients and 16 controls, of whom 13 COPD patients and 7 controls were newly recruited individuals, MO RNA samples were examined for this validation ( table 1 ) .
Using RT-qPCR, 5 of the 35 genes that were significantly different between COPD patients and controls were validated. ADAM10, GK, IFRD1, PHLDA1 and SEC14L1 had higher expression levels in diseased patients ( fig. 4 b) . Again, CVA showed that the combination of these 5 genes separated fairly well the COPD patients and controls (canonical correlation was 0.62, 2 = 14.75, d.f. = 5, significant at p = 0.05, Wilks' = 0.617; fig. 4 c) .
Remarkably, these experiments confirmed our hypothesis that peripheral MOs also carry a COPD-related gene expression pattern and, moreover, that there is some overlap between AM and MO COPD signatures. e   ADORA2B  CCR1  CDKN1A  CXCL3  EMR3  FN1  FOS  FPRL2  GADD45A  GDF15  HOMER3  IGSF6   IL8  PAPSS2  PHLDA1  PHLDA2  PLA2G7  PLEKHB1  RGS2  SLC2A3  SPP1  TGFA  TREM2 Color version available online Relative expression levels are shown normalized to GAPDH. All of the 23 genes showed statistically significant differences in expression levels between controls and COPD patients (Mann-Whitney U test). e CVA of the validated 23 genes that showed significant differences between COPD patients and controls in AM samples separated COPD patients and healthy controls in the AM validation cohort. Red (dark grey in the printed version) bars represent COPD, and blue (light grey in the printed version) bars represent healthy controls. Numbers on the x-axis are spherized canonical scores of objects on the single canonical variate. 
Correlation between Lung Function and Gene Expression Data
A key issue in identifying biomarkers in general and disease-specific expression signatures in particular is the ability to correlate these with clinical parameters relevant in the disease. In the case of COPD, the key clinical feature is a lung function decrease measured by lung function tests. Therefore, as the next step of our studies, the possible correlation between FEV 1 % values and expression data of the RT-qPCR-validated genes was examined. We calculated Pearson correlation between lung function parameter FEV 1 % and all the 23 genes [23, 35] and found that higher expression of CCR1, GDF15 and SLC2A3 from the AM validation set obtained from BALF samples correlated with lower FEV 1 % values. However, higher expression of FN1 correlated with increased values of FEV 1 % ( fig. 5 a) .
In the peripheral MO validation set, ADAM10, GK, IFRD1 and SEC14L1, but not PHLDA1, were correlated with lower FEV 1 % values ( fig. 5 b) .
These data indicated that gene expression changes can be correlated with lung function changes both in AMs and probably most intriguingly in peripheral blood MOs.
Discussion
Especially in chronic diseases, it is of critical importance to identify markers of a disease state and its progression as well as cell types affected by this disease. Recent developments in genomic technologies, including the extensive use of microarray technology, provided an opportunity to perform global gene expression analyses to compare tissue samples or distinct cell types in order to establish correlations between disease states and/or to stratify diseases. It has been proven that the origin of a disease or subtypes/stratification of its condition can be defined by analyzing mRNA expression patterns [36] [37] [38] [39] [40] . The identification of genes with altered expression or marker genes could also be potential targets for novel and more effective therapy [41] .
COPD is a prime example of a long-lasting, chronic disease with devastating outcome with essentially no validated clinical markers or biomarkers other than lung function tests being available. The pathomechanism of COPD has been examined at different levels, such as cell cultures, animal models and primary clinical samples [18, [20] [21] [22] [23] [42] [43] [44] [45] [46] .
The present study had three major goals: (1) to expand and validate the list of genes associated with COPD in AMs; (2) to find and validate potential biomarkers in peripheral blood MOs that reflect COPD-specific gene expression patterns identified in AMs as well as their precursors, peripheral circulating MOs, and (3) to correlate gene expression patterns with disease parameters.
To meet these goals, stringent inclusion/exclusion criteria were applied and largely independent sets of patients were used for screening (microarray) and validation (RTqPCR). Our results suggest that gene sets specific for COPD can be identified in both cell types based on their expression patterns.
An important aspect of our work is that in addition to supporting the importance of several previously identified COPD-related genes, e.g. CYP1B1, PLA2G7, CCL2, SPP1, IL-8 and IL-1 ␤ , we were able to supplement the list of COPD-specific probe sets that are expressed differently in AMs of diseased patients and healthy controls. From this list, 23 genes were validated by RT-qPCR in a larger cohort of independent samples.
The progenitors of the AMs are peripheral blood MOs, which are recruited and differentiated into AMs during physiological processes in control individuals as well as during progression of COPD in diseased patients [47, 48] . It appeared to be intriguing and important to evaluate the possibility that there are similar COPD-specific changes in the expression of genes in the precursor and the differentiated cells in the controls and COPD patients. The identification of such genes might be used as biomarkers for COPD, which may help in establishing and verifying the diagnosis, and in testing the efficacy of treatment during disease progression or regression. In addition, it would also establish the involvement of MOs in COPD.
We identified commonly expressed genes in AMs and MOs. What we consider as a key aspect of our work is the identification of a set of 5 genes showing common expression patterns in AMs and MOs. It suggests that these two related cell types are both affected in the disease and this is manifested by peripheral gene expression signatures. These genes include PHLDA1, an apoptotic gene that was also validated using AM RNA samples. ADAM10 is a cell surface protein with protease function, which activates TNF ␣ by cleaving its inactive form. Elevated expression of ADAM10 has previously been documented in smokers [22] . IFDR1 is a nervous system-specific gene, which could have a role in proliferative and differentiation pathways induced by nerve growth factor. Higher expression of IFRD1 was observed in lung cancer and other types of cancers. GK is a key enzyme of glycerol metabolism. SEC14L1 is involved in cytosolic transport. Obviously, these pathways should be further scrutinized for their involvement in COPD.
It is possible that both cell types are affected by the disease as the result of a secondary effect due to similar systemic (chronic inflammatory) changes resulted in similar alterations. One cannot exclude this possibility. This would also include similar changes in other tissue macrophages. Moreover, similar changes might be found in other chronic inflammatory diseases, such as rheumatoid arthritis, psoriasis or inflammatory bowel disease. A more intriguing and in fact more likely scenario is that preformed changes in the precursor cell type have a causative role in the development of the disease, and that these (primary or secondary) alterations are propagated into differentiated tissue macrophages, such as AMs. Both of these possibilities can and should be tested and their evaluation can lead to important insights into the pathogenesis of COPD and other chronic inflammatory diseases, including the identification of differentiating gene expression profiles and/or markers. It would be particularly intriguing to look at the identified 23 and 5 member gene sets in terms of single nucleotide polymorphisms in order to identify potential genetic changes associated with COPD. In such studies, regulatory regions (single nucleotide polymorphisms) deserve particular attention. At the same time, simply using the gene sets for validating the hypothesis that peripheral MO gene expression can serve as marker of disease progression and maybe therapeutic efficacy would also have clinical insights and benefits.
Previous studies showed a correlation between several single nucleotide polymorphisms and accelerated FEV 1 % decline in COPD [49] . In addition, Woodruff et al. [23] showed that elevated mRNA levels of SPP1 correlated with decreased lung function in smokers compared to non-smokers. Tomaki et al. [50] identified that decreased expression of antioxidant genes correlate with the degree of airflow limitation. Importantly, our results also showed that COPD-specific gene expression signatures of AMs (notably CCR1, FN1, GDF15 and SLC2A3) and MOs (such as ADAM10, GK, IFRD1 and SEC14L1) correlate with FEV 1 %, which may suggest that disease progression can be determined and monitored by analyzing either disease-specific or peripheral blood gene expression patterns using a panel of genes.
In summary, we sought to define gene sets showing differential expression patterns between controls and patients in the two cell populations in order to evaluate whether either or both cell types are affected by the disease and if there is an overlap in altered gene expression.
We identified and validated COPD-specific overlapping signatures of expression profiles of peripheral blood MOs and AMs demonstrating that peripheral MOs are also affected by COPD. The discriminating power of the set of 23 genes validated in AM samples and the set of 5 genes validated in MO samples was also present using CVA, which could separate COPD patients and healthy controls in both cases in which the 2 test of canonical correlation was significant at p = 0.05, suggesting that the gene lists do have a strong discriminating power even though separation of the two groups was not perfect.
Some of the validated expression changes correlate with lung function. The present data may provide a basis for more mechanistic studies of disease pathomechanisms, and some of the differentially expressed genes may serve as biomarkers of disease progression and response to therapy in the future.
